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The frequencyof self-reported highpesticide expo-
sure events (HPEE) hasbeen recorded in the NCI/EPA/
NIEHS Agricultural Health Study (AHS). Fourteen
percent (14%) of the enrolled applicators responding
reported `̀ an incident or experience while using any
pesticide which caused an unusually high exposure.''
These data show, as expected, that the probability of a
report of anHPEE increaseswith the cumulative num-
ber of days of pesticide application reported by the ap-
plicator. We have developed a three-parameter model
that predicts the risk odds ratio (OR) of an HPEE as a
function of the number of days that pesticides are ap-
plied. These events are costly in terms of resulting
health-care visits, lost time from work, and potential
risk for cancer and other chronic diseases.We propose
that failure to carefully follow all the pesticide manu-
facturer's label requirements, inexperience, and ran-
dom events (i.e., breaking hose) are the three factors
responsible for the events observed. Special precau-
tions for new or infrequent users of pesticides are indi-
cated. # 2000 Academic Press
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INTRODUCTION

Agricultural activity, involving machinery opera-
tion (threshing, harvesting, . . .) and chemical applica-
tions (pesticides, fungicides, . . .), is recognized as one
of the most dangerous classes of occupations in the
United States (National Institute of Occupational
Safety and Health, 1998). Although some studies have
examined qualitatively the factors leading to trauma-
type injury in terms of risk factors and odds ratios
(e.g., National Committee for Injury Prevention and
Control, 1989; Pratt et al., 1992), Lyman et al. (1999)
found that `̀ there have been no reports of the lifetime
prevalence of prior agricultural injury among active
farmers.'' The prospective Agricultural Health Study
(AHS), conducted by NCI, EPA, and NIEHS, is a
comprehensive study that is relating qualitative and
categorical responses to questionnaires, about agri-
cultural practices involving pesticide handling, to
lifetime exposures to pesticides and subsequent
health outcomes (Alavanja et al., 1996, 1999a).This pa-
per examines one of those outcomes, the lifetime pre-
valence of high pesticide exposure events (HPEE)
reported by the AHS cohort, and it develops a quanti-
tative model to explain the data set that we have re-
ported in a companion paper (Alavanja et al., 1999b).

METHODS

The AHS cohort includes 60,000 licensed pesticide
applicators in the states of Iowa and North Carolina
who have completed a general enrollment question-
naire (Alavanja et al., 1996, 1998).Thirty-eight percent
(38%) of the AHS members completed a supplemen-
tary questionnaire that provides a more detailed ap-
plication-history data set (Tarone et al., 1997). A
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companion paper analyzed the characteristics of
these 22,884 members, including those 3231 self-re-
porting at least oneHPEE (Alavanja et al., 1999b). This
paper extends that work by modeling the increase in
risk of having at least one HPEEwith increasing pes-
ticide application activity (which can include hand-
ling, mixing, loading, clean up, and waste disposal on
the day of application).

It is a truism that the risk of having at least one
HPEE must increase with the number of applications
of pesticides that the farmer may make in a lifetime
career, which we model in this paper. In theory, the
applicator of a registered pesticide who carefully fol-
lows all the manufacturer's label requirements
(MLRs) and properly uses all MLR personal protec-
tive equipment (PPE), such as the speci¢ed type of
glove, may have minor contact with a pesticide, but
will not have an HPEE. Accidental potentially high
exposure situations during application (e.g., spray
from broken hose, PPE torn on a sharp object) can oc-
cur on any given day. However, with the proper PPE in
careful use, the major pesticide contact should be
with the intact outer covering of the PPE, not with
the applicator's skin. Consequently, we assume that
no HPEE occurs either if all the MLRs are carefully
followed or if no accident occurs even if theMLRs are
not followed. This is the basis for our probability
model.

The methodwe chose is to model theAHS cohort as
dichotomous: Let some applicators always carefully
follow the MLRs while others do not always follow
them.We assume that only those applicators who do
not carefully follow theMLRs are at risk of an HPEE.
Therefore, the probabilityof havingat least oneHPEE
must increasewith the number of days of pesticide ap-
TABLE
Comparison of Predicted Odds Ratio for at Lea

Total number of
days pesticides
applied byAHS
farmers (n)

Percentage (P)
of applicators in
this range of days

Odds ratio (95%
of at least one H
referenced to th
25- to 55-day co

1 to 24 21.9 1.06a (0.76±1.14)
25 to 55 8.4 1.00 (referenc
56 to 107 8.1 1.34 (1.10±1.61
108 to 149 10.3 1.62 (1.37±1.91
150 to 209 5.3 1.86 (1.52±2.27
210 to 366 14.0 2.20 (1.89±2.54
367 to 449 7.7 2.53 (2.13±2.98
450 to 524 9.7 3.06 (2.62±3.56
525 to 1499 10.9 3.48 (2.99±4.01
1500 to 4500 3.7 4.32 (3.54±5.23

Note. Source of data: Alavanja et al. (1999b).
aNot used in the model-¢tting procedure. See discussion in text.
plication, only among those who are at risk (i.e., not
carefully following the MLRs). We let p(n) represent
the probability of an HPEE on an at-risk applicator's
nth application day, and 1 7 p(n) represent the prob-
ability that there is no HPEE on that nth day. Pesti-
cide handling and application are complicated
procedures, requiring both strength and skill, and
there is a learning period in which experience is
gained on how to operate the equipment properly and
apply the pesticides safely.That experience should re-
sult in less risk of an HPEE in subsequent applica-
tions. We therefore model the probability of an
occupational HPEE as p(n) = a + b/n, where n is the
ordinal day of lifetime pesticide application and a
and b are parameters evaluated by a least-squares ¢t
to the AHS data we reported previously (Alavanja
et al., 1999b).

Parametera represents the constant risk of a poten-
tial HPEE unavoidable accident from random causes
and circumstances beyond the control and skill of the
applicator (e.g., spray from a broken hose, gust of
wind).The term b/n represents an additional risk of a
preventable HPEE that decreases as the applicator
gains experience and becomesmore adept at handling
pesticides (e.g., by pouring without splashing). This
type of learning process, with a decrease in avoidable
accident rate with experience, also occurs in other li-
censed ¢elds, such as piloting aircraft and driving
motor vehicles (Williams, 1996).

RESULTS

Table 1, column 2, shows the percentage of theAHS
cohort who reported applying pesticides for the num-
ber of days shown in column 1. Of the total respon-
1
st One HPEE by aModel of theAHS Data

CI)
PEE
e
hort

Odds ratio
predicted by our
three-parameter
model

Average of (1ÿP) the
probability of an
at-risk applicator to
have �1HPEE

0.632 0.146
e) 1.00 0.230
) 1.31 0.310
) 1.58 0.364
) 1.83 0.421
) 2.25 0.519
) 2.63 0.607
) 2.84 0.655
) 3.62 0.835
) 4.27 0.985
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dents, one-seventh (14%) of the cohort reported hav-
ing at least one HPEE during their farming career.
Because it was considered unreasonable to ask the ap-
plicators to recall the exact number of days and years
they applied pesticides in their careers, and because
of coding limitations, each applicator was asked to
choose which of several grouped categories best de-
scribed their application history.

Responses to years of application and days per year
were used to assign applicators to categories of the
combined variables, application days. For example,
the applicators who responded that they applied pes-
ticides between 2 and 4 days per year, and had been
farming between 2 and 5 years, could have had be-
tween 4 and 20 career applications. The entire data
set was analyzed and such responses were assigned
to di¡erent ranges of lifetime days of application, as
reported in Alavanja et al. (1999b).

Table 1, column 3, gives the observed relative risk
odds ratio (OR) and con¢dence interval for each
grouping of numbers of days of applications in Table 2
ofAlavanja et al. (1999b).The probabilityof at least one
HPEE, for an applicator not carefully using all the re-
quired PPE, is expected to increase with the number
of days of application, in a similar wayas the probabil-
ity of winning at least once when playing roulette in-
creases with the numbers of spins of the wheel.
However, we observed an anomalous decrease in OR
for the second-row cohort applying pesticides 25±55
days, which is discussed later in this paper. Therefore,
the rate of HPEE in the second-row cohort is used as
reference (OR = 1) for comparing the total percen-
tages of those applicators having at least onehigh pes-
ticide exposure incident, as shown in column 3 of
Table 1.

To model the risk of an HPEE we computed the
probability of having at least one accident after n days
of application. Because the probability of avoiding an
HPEE on day n is [1 7 (a + b/n)], the probability of
never having an HPEE through the completion of the
applicationon dayn isP(n) = [17 (a+ b/1)] [17 (a+ b/
2)] [17 (a+ b/3)] . . . [17 (a+ b/n)].Therefore, the prob-
ability of having at least one HPEE at the end of day n
is equal to 17P(n).To compute the average probabil-
ity for the cohort of those reporting an HPEE, with
the number of days of application shown in Table 1,
the probabilities were integrated over the range to
TABLE
Modeled Decrease of Risk of anHPEEwith Increasing Experience

for at-Risk Ap

Relative risk 1 0.627 0.497 0.434 0.3
Day n 1 2 3 4 5
compute the average probability of an HPEE for all
the days in the range interval.This is equivalent to as-
suming that all the applicators falling into a range
were uniformly distributed across the days in that
range. A least-squares optimization was performed
to give the values ofa = 0.01528 and b = 0.0468 day that
minimized the sumof the squares between theORpre-
dicted and the OR observed (sum = 0.0879) for 56 5 n
5 4500 days, referenced to an OR = 1 between 25 and
55 days.The predictedOR values in column 4 of Table 1
are all very close to the observed OR values, and the
deviations between these values have no consistent
pattern.The sum ofa + b = 0.0622 represents the prob-
ability of an at-risk applicator having an HPEE on the
very ¢rst day of application of a registered pesticide.

TheAHS cohort of 22,864 applicators was then eval-
uated as having a fraction of x at-risk applicators
whose risk of an HPEE on day n is described by our
model as a + b/n and a complementary fraction of ap-
plicators (17x) who have zero risk because they exer-
cise due care and conform to all MLRs.We estimated
the number of at-risk applicators (6911) by solving for
the value of x using the values in Table 1, columns 2
and 5, as follows:

1.The number of at-risk applicators is 22,864x.
2.The number of HPEEs for those applying from1to

24 days is (22,864x) (0.219) (0.146) (1.06*/0.632), where
1.06*/0.632 adjusts for the singular discrepancy be-
tween the actual and predicted odds ratio.

3. The predicted number of HPEEs for those apply-
ing from 25 to 55 days is (22,864x) (0.084) (0.230), and
this computation is continued for all groupings.

4. Solve for 3231/[22,864
P

P (17P)], where
P

P(17
P) is the sumof all products of percentage terms (P) in
column 2 and average probability terms (17P) in col-
umn 5 of Table 1, with the corrections noted in step 2
above.

Using this procedure, given 3231 reports of at least
one HPEE, we predict this number for a value of x =
0.3023, implying that approximately 70% of the AHS
cohort follow all theMLRs and use all PPEs correctly
and that 30% of the cohort do not do so.

DISCUSSION

We noted in Table 1 (see footnote a) the anomalous
decrease in OR when going from 1 to 24 days of appli-
2
(n), Relative to a Risk of 1 on the First Dayof Application (n=1),
plicators

96 0.321 0.261 0.253 0.247 0.246
10 50 100 1000 ?
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cation to 25 to 55 days of application. Such a decrease
in risk with increasing applications could occur from
(1) some novice applicators deciding to follow care-
fully all the MLRs, perhaps induced by a near-HPEE
incident; (2) licensed applicators who onlyapply pesti-
cides infrequently, without the learning bene¢t of
more frequent application [e.g., once per year nonfarm
applicationof a registered pesticide (license required)
by an orchid grower], and (3) classical sampling error.

Table 2 shows the predicted decreasing probability
of an HPEEwith increasing experience, for an at-risk
applicator with a continuous learning curve, with a
relative risk set at one on dayn= 1.Themodel predicts
that, with experience, an at-risk applicator will have
about half the risk of an HPEE on the third day com-
pared to that on the ¢rst application day and one-
third of the ¢rst-day risk on the 10th day, and by the
100th day, the risk will have fallen toward the asymp-
tote of one-fourth of the ¢rst-day risk.

We recognize that several possible host factors may
be involved as HPEE risk factors. For example, lower
economic status (use of older equipment requiring
more repair) and any mental or physical disabilities
(e.g., depression or loss of balance) may increase the
applicator's risk of an HPEE.We previously identi¢ed
work practices more common among the AHS cohort
who reported at least one HPEE than for those who
did not report any HPEE as delay in changing cloth-
ing or washing after pesticide application; mixing
clothing worn during pesticide application with the
family wash; washing up inside the home after appli-
cation; applying pesticides within 50 yards of their
well; and storing pesticides in the home (Alavanja
et al., 1999b). Some of these poor personal hygiene
practices may not directly cause an HPEE during ap-
plication, but they may be indicative of an applicator's
attitude of following the MLRs and what is consid-
ered an acceptable risk. Lyman et al. (1999) identi¢ed
alcohol consumption, fatigue, and hurry-when-farm-
ing as signi¢cant predictors of prior mechanical in-
jury. These three factors also may lead to inattention
during an application resulting in an HPEE. Nonhost
factors such as a break in a hose line causing an acci-
dental spray of pesticide on the applicator or a sudden
gust of wind causing the applicator to become caught
in the application spray are those risk factors that re-
main approximately constant with time while the ap-
plicator is gaining experience in following the MLRs.
We are currently investigating the recorded set of
host factors involving applications for those that may
be di¡erent between the 14% of our cohort who ex-
perienced HPEEs and those who did not.

Our model of theAHS cohort implies that for every
1000 applicators making their very ¢rst application,
698 will be following all the MLRs carefully and 302
will be at risk of an HPEE from not following all the
MLRswith care.Themodel predicts thatmore than18
HPEEs would occur on the very ¢rst day in the group
of 302 at-risk applicators [18 5 302 (a + b/1) = 302
(0.0622)], and, with practice, this rate will approach
an asymptote of 4.5 HPEEs per 1000 applications by a
fully experienced cohort. If our model is correct, the
occurrence of all these HPEEs may be preventable if
all the MLRs are followed carefully and the speci¢ed
PPE is in good condition and used properly.This mod-
el points out the need for more rigorous training of
pesticide applicators to follow the MLRs and a need
towarn the beginners and infrequent users to be espe-
cially alert during applications because of their inex-
perience with practical ¢eld conditions.

This model also has important implications for ex-
posure assessments in agricultural epidemiology.The
applicators would appear to have the highest annual
exposures to pesticides during their earliest years of
farming while still learning and perfecting the skills
involved in pesticide application.We have shown (Ala-
vanja et al., 1998) that HPEEs may lead to increases in
reports of acute symptoms and health-care visits. In
addition, because many cancers have a decades-long
latency period before discovery, current pesticide ex-
posure measurements may seriously underpredict the
exposures that may have occurred earlier in the appli-
cators'careers which could have initiated or promoted
a recorded cancer. Consequently, when performing an
exposure assessment of pesticide applicators, the
number of years of active farming may be an impor-
tant variable to consider in strati¢cation of an expo-
sure sample. This could ensure that novice
applicators, who may be most at risk of high expo-
sures, are also included in the sample.
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